The deformation behavior of a two phase (y+ a2) lamellar TiAl alloy reinforced with various amounts of AITi~C carbide platelets has been examined by determining Vickers hardness at room temperature and in the temperature range 900-1300 °C. The compression flow behavior of these materials has also been examined in the semi-solid state. The hardness values for all materials dropped from about 4 GPa at room temperature to 120 MPa at 1300 °C. The composites exhibited limited increase in hardness with respect to the base material over most of the temperature range investigated. At 900 °C, however, the 13% A1Ti2C reinforced composite showed an increase in hardness of about 1.2 GPa over that of the base material. The composites exhibited interfacial as well as transgranular cracks induced by indentations, while the matrix material did not exhibit cracking during the hardness tests. Forgeability of semi-solid Ti-48AI reinforced with 13% AITi2C composite was studied by performing compression tests at 1470 °C and strain rates ranging from 0.33 to 2.00 s-1. Stress-strain curves exhibited a peak stress which is associated with breakdown of the carbide platelets. The size of the carbide platelets decreased and their reorientation took place with increasing strain. At strains higher than 0.9, reagglomeration of the carbide platelets was observed.
Introduction
Titanium aluminides are attractive materials for high temperature structural applications, because of their high melting temperature, good elevated temperature strength, and high resistance to oxidation. In addition, these materials possess low density and high modulus. On the other hand, the poor ductility of these materials at low and intermediate temperatures resulting in low fracture toughness and low fatigue crack growth resistance, has limited their use [1] [2] [3] . However, over the past few years, a remarkable improvement in the properties (such as ductility, toughness and creep resistance) has been achieved through alloying and controlling the microstructure during processing ]4-11]. These improvements have made these materials potentially viable engineering alloys for aerospace and automotive applications especially because of their light weight [12, 13] .
The deformation behavior of ~:I'iA1 has been studied extensively and is related to the ordered facecentered tetragonal structure in which Ti and AI atoms occupy alternating (002) planes. Deformation generally involves ordinary dislocations of type 1/21110] and superdislocations of type [101] and 1/21112]. However, the deformation mechanisms for single and duplex microstructures are different [14, 15] . Room temperature tensile strains greater than 2.5% were measured on duplex microstructures compared with only 0.5%-1% measured on single phase )'-TiAI microstructures [16, 17] . At elevated temperature, it was reported that the yield strength in TiAI reaches a maximum at a temperature of 600 °C for single crystals and 800 °C for polycrystalline materials. This increase of yield strength with temperature is associated with a hardening mechanism involving cross-slip and pinning of partial dislocations [141 or by entanglement of 1/2(110) dislocations by dislocation loops and spiral segments [ 18, 19] .
Recently, there has been further interest in enhancing the mechanical and physical properties of these intermetallics through the addition of a reinforcement phase. Christodoulou et al. reported that the addition of TiB~ to TiAI substantially increases the fracture toughness and creep strength of the alloy without compromising the other desirable properties ]20]. Toughening mechanisms such as crack tip blunting generally by ductile phase, crack deflection, crack bridging and microcrack formation in the wake of a propagating crack, were responsible for the increase in toughness [4, 21] . However, characterization of the deformation behavior of these intermetallic composites have not been investigated in detail.
Various testing techniques have been used to evaluate the mechanical properties of intermetallic matrix composites. In addition to standard tensile and compression testing, microhardness indentation offers another technique which is often used to obtain a rapid evaluation of the deformation behavior of materials. It also provides a method for estimation of fracture toughness. Indentation hardness is defined as the resistance to indentation or penetration, and is generally performed by pressing a hard indentor of specific geometry into the surface of the sample. Conducting hardness tests as a function of temperature can allow an assessment of deformation processes and mechanisms. This test requires special indentors which do not deform at high temperature.
Intermetallic matrix composite parts can be produced by conventional casting followed by appropriate thermomechanical processing and machining. However, these approaches are technologically challenging and very expensive. Therefore, strong interest exists in net shape processing of these materials in the semisolid state to produce components of complex configuration and reduce machining requirements.
Processing methodology in the semi-solid state was introduced in the late 1970s by Flemings and coworkers at MIT [22] [23] [24] [25] . This technique has been used lately to produce net or near net shape components. Processing of materials in the semi-solid state has numerous advantages over the conventional processing techniques. The most prominent advantage is the increase in the die life by either reducing the operation temperature used in die casting where the material is fully liquid, or reducing the applied force used in the forging operation where the material is fully solid. Laxmanan and Flemings [24] reported forging pressures for semi-solid alloys that are about three orders of magnitude lower than the forging pressures used in forging fully solid alloys.
Processing of materials in the semi-solid state is based on the creation of a special non-dendritic microstructure such that the solid fraction of the semi-solid slurry appears as spheroids or nodules. This has significant advantages over the dendritic counterpart. Laxmanan and Flemings [24] reported that the forging pressures of non-dendritic alloy is about two orders of magnitude lower than the forging pressures of semisolid dendritic alloy. The formation of a non-dendritic alloy structure is generally achieved by vigorously agitating the liquid during solidification. For a nondendritic material, the deformation behavior in a semisolid material follows the non-Newtonian power law behavior described by: p=mv "-1, where p is the viscosity, V the shear rate, m is called the consistency and n the power law index. Both m and n are constants. However, for a dendritic microstructure, it was reported that at all strain rates, there is a critical strain at which the strength reaches a maximum and then starts to decrease [26] . The decrease in strength is attributed to the breakdown of the dendrites. In addition, the maximum stress associated with dendrites breakdown was found to increase and shift to higher strains with increasing strain rate.
The objective of the work described here is to examine the deformation behavior of V + a2-TiAl composites containing carbide platelets over a wide temperature range and examine the damage to the platelets. The work is divided into two parts. The first part will involve the determination of the hardness behavior of the base material Ti-48 AI and Ti-48 A1 reinforced with 6%, 10% and 13% carbide phase at room temperature and in the temperature range 900-1300 °C. The second part will deal essentially with the compression behavior of a partially remelted Ti-48 AI composite containing 13% carbide phase over a range of strain rates. The practical side of the work is to determine the optimum combination of the experimental variables (g, T) at which the material can be homogeneously deformed in the forging operation with the least cavity formation.
Materials
Fabrication of titanium aluminide composites was performed in the following manner: titanium sponge of purity greater than 99.9%, 99.99% high purity aluminum shots and TiC powder were used as starting materials. The materials were produced as ingots (10 cm diameter and 4 cm thickness) by non-consumable arc melting in a water-cooled copper heater followed by casting the melt in a water-cooled copper mold. The cast ingots were hot pressed for 4 h at 1300 °C under a pressure of 103 MPa. The material obtained consists of a lamellar (v-TiAI and a2-Ti3Al) microstructure reinforced with a platelet-shaped carbide phase which was identified by Ayer et al. [27] to be the A1Ti2C phase. Three composites of 6%, 10% and 13% by volume of AITizC were produced using this method. The microstructures of these composites are shown in Fig. 1 . The matrix which is based on Ti-48 at.% AI consists of lamellar grains of a few dozen microns in diameter within which the platelets are randomly distributed. It is reported that the v-phase was internally twinned on the {111}. Twins of type [112] , [121] and [211] were identified by transmission electron microscopy (TEM) studies [27] . However, a2 did not show any twinning. The carbide platelets are presumed to
Experimental procedures
Three composite materials with 6%, 10% and 13% A1TizC, as well as the base Ti-48 A1 material were produced and their mechanical behavior investigated using either hardness testing or compression testing in the semi-solid state.
Hardness measurements
The Vickers hardness (VH) has been determined on 5 × 5 x 10 mm 3 samples of Ti-48 AI reinforced with 0%, 6%, 10% and 13% by volume of AITi2C phase at room temperature and in the temperature range 900-1300°C. The room temperature VH has been determined using a Tukon tester. The hardness was measured at four different loads of 1, 10, 20 and 30 kg. At each load, an average of eight indentations were produced. The elevated temperature hardness tests were performed on a Nikon hot hardness test apparatus using a sapphire indentor in a vacuum environment. The applied load was set at 1 kg during testing. Optical micrographs of the indentations were taken and their diagonal sizes were measured and averaged to determine VH. The Vickers hardness at each load and temperature was determined using the following equation:
In this equation, P is the applied load in kilograms and d is the average length of the diagonals of the indentation expressed in millimeters. The hardness was calculated at each load and each temperature and later was expressed in giga pascals as a measure of resistance to deformation. The samples were sectioned along the diagonals of the indentations for metallographic examination which was performed on a Nikon optical microscope. have hexagonal crystal structure and might be produced by preferential growth of the carbide perpendicular to the c-direction during solidification [27, 28] . The aspect ratio of these platelets ranging from 1 to 28 had a mean value of 8.
Compression testing
Two sizes of cylindrical sample (9.53 mm diameter and 12.7 mm height, 6.4 mm diameter and 4.6 mm height) of Ti-48 AI reinforced with 13% platelets by volume of AITi2C were squeezed between the two parallel graphite platens located in the center of a cubic stainless steel furnace made by Centorr Associates. Heating of the samples was achieved by tungsten wire mesh elements. The temperature was controlled using two thermocouples placed very close to the sample but touching the upper graphite platen which is fixed. The upper graphite platen was attached to the upper grip in order to prevent any squeezing of the samples during heating or when the temperature is stabilizing after it reaches the setup temperature. The tests were conducted at 1470 + 10 °C in an argon environment. This temperature lies between T1 and T2 which represent the temperature range at which both solid and liquid exist. This is depicted in the phase diagram [29, 30] shown in Fig. 2 . All compression tests were performed on an Instron testing machine of 100 KN load capacity equipped with a computerized data acquisition system. The initial strain rate during these tests was ranging from 0.33 to 2.00 s-~ depending on the specimen size and the cross-head speeds which were selected to be 254 or 508 mm min -l. The computer acquires load-displacement curves which were then converted into true stress-true strain curves assuming constant volume. After the compression experiments, the samples were sectioned along the vertical axis for metallographic examination which was performed on a Nikon optical microscope. Figure 3 shows hardness values generated at room temperature for all four materials expressed as a function of applied load. As expected, the hardness of each material at each load is relatively the same for all loads, except that at 1 kg the values are slightly higher than at the other loads. At loads higher than 1 kg, the hardness values ranged from 3.5 GPa in the base material to 3.9 GPa for the 6% AITi2C reinforced material. The 10% and 13% A1Ti2C reinforced materials exhibited hardness values of 3.57 and 3.85 GPa, respectively. The slightly higher hardness values measured at 1 kg could be associated with the elastic recovery of indentation during unloading. It is believed that at small loads, the elastic recovery of the indentation diagonals is more pronounced than at higher loads leading to an apparent increase in hardness values at low loads [29] .
Results and discussion

Hardness testing
Figures 4(a) and 4(b) show optical micrographs of two indentations performed at room temperature on the Ti-48 A1/13% A1Ti2C composite and on the base material Ti-48 AI, respectively. These micrographs were for indentations performed at 10 kg. It is possible to see from these micrographs that fine scale damage is visible around the edges of indentation for the composite material but not for the base material. The edges of indentation are also curved inward for the composite indicative of its higher elastic springback in comparison to the matrix alloy. Greater details of microcracks in the composite are shown in Fig. 5 . Microcracks are formed at the corners as well as on the edges of the indentations performed on the composite. These microcracks are seen to propagate into the matrix material, along the interface as well as in the AITi2C platelets. It appears that the platelets mostly fracture along their longitudinal direction indicating a weak crystallographic plane (cleavage) in that direction. However, in the unreinforced material, no microcracks are observed. Slip lines are produced around the indentations as seen in Fig. 5(b) . It could be suggested that during indentation, dislocation plasticity is the principal deformation mechanism in the matrix material. Figure 6 shows Vickers hardness expressed as a function of temperature for the base material and for the Ti-48 AI reinforced with 6%, 10% and 13% A1TizC composites. As expected, the hardness for all materials decreased significantly with increasing the temperature from 900 to 1300 °C. However, at 900 °C, the Ti-48 A1/13% A1TizC showed greater resistance to deformation than the other materials, this improvement in resistance to deformation decreased with decreasing AITi2C content. Moreover, at temperatures higher than 900 °C, the difference in hardness was less pronounced and decreased with increasing temperature.
To examine the indentation-induced damage further, cross-sectional views through the indentations were examined as shown in Fig. 7. Figures 7(a) and 7(b) show cross-sectional views of indentations performed on the 13% AITi2C composite and on the base material at room temperature at a load of 30 kg, whereas Fig. 7(c) shows a cross-sectional area of an indentation performed on the 13% AITi2C composite at 1300 °C at a load of 1 kg. Extremely minor microcracking is observed in the composite after room temperature indentation. The reason why these microcracks are much smaller than those in Figs. 4 and 5 is due possibly to the presence of a hydrostatic compressive state of stress underneath the indentor. The unreinforced matrix shows a smooth indentation surface which is free from microcracks. The elevated temperature indentation (Fig. 7(c) ) shows, however, some evidence of microcracking and surface roughening possibly due to initial sticking between the indentor and the test material at 1300 °C, followed by separation from each other when the indentor was retracted. This observation indicates that these materials possess a greater degree of toughness at room temperature as well as at 1300 °C when compared with MoSi 2 or ceramic materials [30] .
Compression testing
In order to investigate the forgeability of this Ti-48 AI reinforced with 13% AITi2C composite, compression tests were performed at high strain rates using a high speed Instron machine. Figure 8 shows true stress vs. true strain data generated at 1470 °C at strain rates of 0.33, 0.67 and 2.03 s-1 respectively. It is clear that strain rate had a significant effect on ther behavior of this material but the initial loads were not very consistent. The initial part of the curve generated at 0.33 s-1 contains some degree of scatter. This behavior might be attributed to variation in the temperature since a slight change in the temperature, especially close to the melting temperature, would significantly affect the behavior of the material. However, each curve exhibited a maximum stress before softening of the material is observed. This maximum stress increased with increasing strain rate for all tests. Also, the peak strain at which this maximum stress is observed is also seen to increase from 0.2 to 0.41 with increasing strain rate from 0.33 to 0.67 s-~. The test performed at 2.03 s 1, however, exhibited maximum stress at a strain of 0.3 which is lower than the 0.41 for test generated at 0.67 s-I. This effect may be related to internal fracture within the composite at high strain rates. The decrease in strength after it reaches maximum stress has also been observed in the semi-solid dendritic materials by other investigators and was attributed to the breakdown of the dendrites [23, 24] . In this material, a similar analogy could be made in which the reinforcement AITi2C platelets were found to break and decrease in size with increasing strain. Figure 9 shows optical micrographs of samples deformed to strain levels of 0.34 and 0.92 and 1.63 respectively, compared with that of an undeformed sample. The deformed samples, Figs. 9(b), 9(c) and 9(d), were compressed at 1470 °C and a strain rate of 0.67 s -1. It is clear from these micrographs that the number of reinforcement platelets increased and their size decreased significantly with increasing strain. Using the intercept method, the average size of the platelets was found to decrease from 8.76/~m in the asreceived condition to 6.45 /~m and 4.83 /am after deformation to strains of 0.34 and 0.92, respectively. A sample (not shown in the micrograph) that had been deformed to 0.61, produced platelets of an average size of 5.73 ktm. However, this trend continued with strain except that at very high strains (i.e. 1.63), reagglomeration of the platelets was observed. The average aspect ratio of these platelets had also decreased with strain, from an average value of 8 in the as-received condition, to an average value of 3 after a strain of 1.63. In addition, it should be noted that most of the AITi2C platelets are found to align themselves in the direction perpendicular to the stress compression which is horizontal on these micrographs. Thus, platelet breakdown and alignment occur simultaneously.
The phenomenon of platelet breakdown is shown quantitatively in Fig. 10 which illustrates the variation of the density of AITi:C platelets of a particular size as a function of platelet size. This graph is derived from a set of histograms generated at every strain level. The measurements for the histograms were performed on the same area of the micrographs corresponding to 0.036 mm 2 on the samples. It is also clear from this graph that the number of the platelets with a small size increased dramatically with strain. For example, in the actual 0.036 mm 2 area, the number of platelets smaller than 50 ,um 2 had increased from 27 at e = 0 to 215 at e = 1.63 whereas the total number of the platelets in the same area had only tripled after that deformation. At a high strain level of 1.63, a bimodal platelet size distribution was observed in which very large platelets were formed. These large platelets were the result of agglomeration of the platelets as seen in Fig. 9(d) . However, this phenomenon of agglomeration is seen to occur at strains higher than 0.9. While more data is required to ascertain this trend, it is possible that deformation-induced diffusion processes might play a role in further agglomeration of the platelets.
Summary
The deformation behavior of a two-phase lamellar (7+a2)-TiA1 and TiA1 reinforced with AITi2C has been investigated using indentation technique and compression testing. The composite materials showed an improvement in hardness only at 900 °C and this strength improvement became less significant with increasing temperature to 1300 °C. Microcracking had been observed only around indentations performed at room temperature on the composites. These microcracks propagated in the matrix material, at the interface as well as in the A1TizC platelets. In the base material, no major microcracks are produced as a result of indentation. These features indicate that these materials possess a reasonable degree of toughness. During compression testing in the semi-solid state, it is seen that the platelets start to break down at a critical strain level between 0.2 and 0.4, a phenomenon previously reported in two-phase metallic alloys containing dendritic microstructure. The size of platelets was found to decrease, especially in the longitudinal direction, with increasing strain as the platelets were found to align in a direction normal to the compression axis. The aspect ratio of the platelets decreased from an average value of 8 in the undeformed condition to an average value of 3 at a strain of 1.63. Moreover, the number of platelets increased dramatically with strain as a result of their breakdown. However, at strains higher than 0.9, the platelets reagglomerate leading to a bimodal size distribution.
